Background : DNA methylation is involved in many gene functions such as gene-silencing, X-inactivation, imprinting and stability of the gene. We recently found that some CpG islands had a tissue-dependent and differentially methylated region (T-DMR) in normal tissues, raising the possibility that there may be more CpG islands capable of differential methylation.
Introduction
During development, most cells in higher eukaryotes differentiate without detectable changes in DNA sequence, while the differentiation of a given cell type is associated with activation of particular set of genes and inactivation of other sets. DNA methylation of the cytosine residue in CpG dinucleotide sequences is a characteristic feature of vertebrate genomes (Gruenbaum et al . 1981) . It is associated with transcriptional silencing and changes in chromatin structure (Eden et al . 1998; Jones et al . 1998 ). DNA methylation is one of the main epigenetic modifications of DNA in mammals, and is involved in tissue-specific gene expression, X-chromosome inactivation, genomic imprinting, immobilization of mammalian transposons, and suppression of transcriptional noise (Bird & Wolffe 1999; Jones & Takai 2001; Reik et al . 2001) . Indeed, null mutations of DNA cytosine methyltransferases (Dnmt)1 and 3b are lethal in the embryo (Li et al . 1992; Okano et al . 1999) , suggesting that DNA methylation is essential for development.
CpG islands are stretches of DNA with a higher frequency of CpG dinucleotides when compared with the entire genome (Bird 1987; Gardiner-Garden & Frommer 1987) . They are preferentially located at the start of transcription of housekeeping genes and are also associated with tissue-specific genes. The human genome projects identified 30 000 -40 000 protein coding genes, and there are approximately 29 000 genes linked to the CpG islands (Lander et al . 2001) . A recent study of the database for tissue specific promoters also suggested that about half the tissue specific genes are linked with CpG islands (Suzuki et al . 2001) .
Although the CpG islands had been considered as unmethylated regions in normal tissue, some are in fact methylatable. For example, we recently found that the CpG island associated with the sphingosine kinase 1 gene had a tissue-dependent and differentially methylated region (T-DMR) (Imamura et al . 2001) , and in addition, we found that cloned mice have an aberrant methylation pattern, most of which was found in T-DMRs , raising the possibility that there may be more CpG islands capable of differential methylation. If this is the case, the methylation status of T-DMRs may be important as epigenetic marks for differentiation, although they have not been systematically analysed.
In mammalian embryogenesis, the first cell differentiation event sets the trophectoderm lineage aside from the inner cell mass (ICM) lineage at the blastocyst stage. After implantation, trophectoderm and trophoblast cells further give rise to a major part of the placenta and some extra-embryonic membranes (Cross et al . 1994) , while the ICM cells alone become the foetus proper and germ cells. Embryonic stem cells (ES cells) established from isolated ICMs have been studied for more than two decades. Recently, trophoblast stem cells (TS cells) have also been established from explanted blastocysts (Tanaka et al . 1998) . In chimeric embryos, ES cells differentiated efficiently into all of the ICM lineages, apart from the primitive endoderm (Nagy et al . 1990 ). TS cells contributed exclusively to the tissue of trophoblast cell lineage, but not to the foetus (Tanaka et al . 1998) . Embryonic germ cells (EG cells), established from primordial germ cells (Matsui et al . 1992; Resnick et al . 1992) , showed similar properties to ES cells.
Little is known about what epigenetic information determines pluripotency, differentiation and final differentiation variety. Here we present genome-wide DNA methylation profiles from mouse stem cells (ES, EG and TS cells) before and after differentiation, and from somatic tissues (brain, kidney, placenta) and sperm, analysed by restriction landmark genomic scanning (RLGS) of CpG islands.
Results
In the present study, about 1500 spots were visualized on average by RLGS, using Not I as landmark enzyme. Not I is methylation-sensitive and has an eight-base recognition sequence (GCGGCCGC). If the sequence is unmethylated, it is cleaved by the enzyme, is subsequently end-labelled with radioisotope and gives a spot on an autoradiogram. If the sequence is methylated, the enzyme does not cleave and no spot is seen. Approximately 90% of these sites are in CpG islands (Lindsay & Bird 1987) . RLGS spots were constantly and reproducibly detected in the placentas and skins from different normal mice of the same genetic background . RLGS profiles were also identical in the four kidneys (data not shown), confirming that the profiles for a tissue from the same-strain mice were reproducible in multiple experiments, although the spot appearance of RLGS profiles for one tissue from different-strain mice alters to some extent, due to polymorphism. By comparing the RLGS profiles of C57BL/6 derived cells and tissues examined in this study, the spots of differing intensity which correspond to T-DMRs were marked and numbered (nos. 1 to 247, Figs 1 and 6a) . Clearly, each cell or tissue had T-DMRs whose methylation status varied.
DNA methylation patterns of ES, EG and TS cells
We investigated three pluripotent stem cells as well as germ and somatic cells. On RLGS profiles, some spots specifically appeared or disappeared in a given type of stem cell lines. Two spots (nos. 21, 239) were specific to ES cells, and they were undetectable in any other cells or tissues examined (Fig. 2a) . Therefore, these loci are unmethylated only in ES cells. In contrast, a spot (no. 240) was not detected in ES cells but was present in other cells and tissues (Fig. 2a) , indicating that the locus is specifically methylated in ES cells. Similarly, a spot (no. 228) was specific to EG cells and not detectable in others (Fig. 2b) . Three spots were specific in ES/EG cells (nos. 177, 202 and 237, Fig. 2c ) and 4 spots were specific for TS cells (nos. 106, 109, 152 and 186, Fig. 2d ), indicating that specifically unmethylated loci were detected in ES/EG cells or TS cells. Four spots (nos. 96, 191, 196 and 246) were not detected in TS cells (Fig. 2d) , and therefore, the loci are specifically methylated in the TS cells. These data indicate that each type of stem cells has specific pattern of differently methylated loci.
In addition, 49 spots exhibit different appearance between ES and EG cells (Fig. 6a) ; 17 loci were unmethylated in ES cells and methylated in EG cells and 32 were methylated in ES cells but unmethylated in EG cells. By comparing ES/EG cells and TS cells, another 58 spots that had different methylation patterns became apparent. Ten spots were methylated in both ES and EG cells, but unmethylated in TS cells, whereas 48 spots were unmethylated in ES and EG cells but methylated in TS cells. These results indicate that there are many T-DMRs where methylation status is different among the stem cell types. This also suggests that the differentiation of stem cells associates with changing methylation status at many loci in the genome.
To verify this assumption, we compared the DNA methylation status before and after differentiation of stem cells (Fig. 3) . ES cells are pluripotent, in that they can differentiate into all somatic cell types and germ cells (Brook & Gardner 1997; Nagy et al . 1993) . In this experimental condition, ES cells and EG cells differentiated into the cells that had different morphology Figure 1 An autoradiogram of RLGS for genomic DNA of the kidney as a typical RLGS profile. Genomic DNAs from cells or tissues were digested with methylationsensitive NotI enzyme, whose recognition sites in genomic DNA are predominantly located in CpG islands, followed by radiolabelling at the resulting termini. Labelled genomic fragments were further digested with other restriction enzymes and analysed by 2D electrophoresis. About 1500 spots were able to be visualized on one RLGS profile. Numbers (nos. 1-247) on the profile indicate the positions of RLGS spots that appeared differently among cell types (ES, EG and TS cells before and after differentiation, and sperm) or tissues (placenta, kidney and brain) of C57BL/6 male mice. (nos. 106, 109, 152, 186) were detected and four (nos. 96, 191, 196, 246) were not detected only in TS cells.
( Fig. 3a) and expressed Gata4, known as a endoderm marker (Dragatsis et al . 1998) (Fig. 3b) . After the differentiation of ES cells, 108 spots were changed in appearance: 35 spots became detectable and 73 spots disappeared, indicating that 35 loci were demethylated and 73 loci were methylated de novo during the differentiation (Fig. 6a) . When the EG cells differentiated, 61 spots were changed: 11 spots became detectable and 50 spots disappeared. TS cells are committed to differentiate into the trophoblast lineage. Differentiation of TS cells accompanied the change in morphology (Fig. 3a) , the expression of trophoblast markers (Fig. 3b) , and the appearance of RLGS profile at 30 spots. Of these, 15 spots became detectable and 15 spots disappeared, indicating that 15 loci were demethylated and 15 loci were methylated de novo . Therefore, all types of stem cells changed their methylation status during differentiation. Differentiation always involved both demethylation and de novo methylation.
The DNA methylation pattern of germ cells is unique
Thirty spots were not detected in ES or EG cells but detected only in sperm (nos. 30, 32, 33, 62, 65, 66, 95, 110, 168, 171, 178, 179, 180, 181, 182, 184, 188, 194, 204, 205, 206, 207, 208, 209, 211, 215, 220, 221, 225, 233, Fig. 4) . The demethylation could have occurred either during the later process of germ cell differentiation, or during the establishment of the EG cell line. In contrast, spot 234 was not detected in ES cells but was commonly detected in EG cells and in sperm (Fig. 2b) , suggesting that demethylation in this locus occurred early in germ cell differentiation. If so, this epigenetic marker may be related to the commitment to germ cell differentiation. Although spots 27 and 29 were not detected in sperm, the number of methylated loci in sperm was relatively low (Figs 4 and 6a) . Presumably, these loci were methylated relatively late in germ cell differentiation. The intensity of one spot (no. 27) was stronger in all of the cells or tissue except sperm, indicating that the locus corresponded to a multicopy locus such as has been previously indicated (Yoshikawa et al . 1996) . These data clearly demonstrated that there are many specifically unmethylated loci as well as a few uniquely methylated loci in the germ cells.
Tissue-specific patterns of DNA methylation
One spot (no. 113) was only found in trophoblastic cells (TS, differentiated TS cells and the placenta, Fig. 5 ). In contrast, 16 spots were undetectable in this cell lineage (nos. 116, 117, 120, 124, 129, 131, 137, 144, 145, 146, 147, 148, 150, 153, 154, 176, Fig. 5 ). In addition to TS specific four unmethylated spots (nos. 106, 109, 152, 186) and four methylated spots (nos. 96, 191, 196, 246) (Fig. 2d) , there are four specifically unmethylated loci in the placenta (nos. 17, 25, 41, 90) . Inconsistency in the appearance of RLGS spots between TS cells and the placenta may be explained by the nature of TS cells. A majority (> 90%) of the differentiated TS cells are thought to acquire trophoblast giant cell fate (Yan et al . Gata4 was examined as an endoderm marker (Dragatsis et al. 1998) , while 4311 and Eomesodermin were used as markers for spongiotrophoblast and trophoblast stem cell, respectively (Tanaka et al. 1998) . As a control, reverse transcriptase was added (+) or omitted (-) in RT-PCR. ES and EG cells before differentiation were cultured on mouse embryonic fibroblast as feeder cells. The spontaneous differentiation of ES and EG cells was induced by culturing in DMEM + 15% FCS without LIF or feeder cells for 4 -6 days in a monolayer culture. TS cells were maintained in the undifferentiating state in the presence of FGF4 and feeder cells (or the conditioned medium) and allowed to differentiate for 4 days by the removal of them.
2001), whereas trophoblast giant cells compose a small part of the whole placenta.
Spots 6, 99 and 247 were specific to the brain (Fig. 6a) . One spot (no. 13) was specific to the kidney, while four spots (nos. 15, 26, 61, 123) were not observed in that tissue (Fig. 6a) . Thus by analyses of DNA from several tissues, we confirmed and expanded our previous finding that tissues show distinct DNA methylation patterns (Imamura et al . 2001; Ohgane et al . 1998 Ohgane et al . , 2001 ).
Discussion
As described above, some of the spots on RLGS profiles were quite specific to cell type or tissue, whereas others were shared with several types of cells and tissues. A total of 247 spots out of 1500 (about 16%) showed differences in appearance in the RLGS profiles. Since the genome contains 29 000 CpG islands (Lander et al . 2001) , the total number of CpG islands bearing a T-DMR may be about 4600 per genome (16%). In the present study, the average difference of spot presence between any two given tissues was around 2%, which was similar to our previous data; 1-3% of the Not I sites in the genome were differentially methylated, when two or three different tissues were compared; placenta vs. kidney (Ohgane et al . 1998 ), brain vs. heart (Imamura et al . 2001) , placenta vs. skin vs. kidney . Taking into account that increasing the number of tissues examined will increase the number of spots and that there are about 200 cell types in the mammalian body, the total number of the differentially methylated spots may be much larger. Imprinted gene-loci should contribute little to the data, because the total number is estimated to be only 100 per genome (Hayashizaki et al . 1994 ).
An epigenetic similarity in DNA methylation between the cell types is illustrated (Fig. 6b) . As expected, the number of differentially methylated loci is larger between ES and TS cells than that between ES and EG cells, suggesting that the epigenetic distance between the former cells is larger than that of the latter. Differentiation of TS cells was accompanied by relatively little changes in methylation status, 15 loci each of methylation and demethylation, while the differentiation of (nos. 30, 32, 33, 62, 65, 66, 95, 110, 168, 171, 178, 179, 180, 181, 182, 184, 188, 194, 204, 205, 206, 207, 208, 209, 211, 215, 220, 221, 225, 233) , which were observed only in sperm, were shown as spot images. These genomic loci were specifically unmethylated in sperm. In contrast, only two spots (nos. 27, 29) specifically disappeared in sperm but presented in any other cells or tissues, indicating that the number of sperm-specific methylated loci is relatively low.
Figure 5 RLGS spots specifically detected/undetected in trophoblastic cells (TS cells and placenta)
. Spot 113 was only detected (i.e. unmethylated) at the genomic locus, whereas spots 116 and 124 were not detected in those cells. There were 14 other spots that were not detected only in TS cells (nos. 117, 120, 129, 131, 137, 144, 145, 146, 147, 148, 150, 153, 154, 176) ES cells was associated with the epigenetic changes at multiple loci, methylation at 73 loci and demethylation at 35 loci. A comparison of methylation profiles between the EG cells and sperm also suggests that the differentiation involves large epigenetic changes, methylation at the 26 loci and demethylation at 55 loci. Thus, it is clear that the combinatorial change of epigenetic marks by DNA methylation occurs at multiple loci, and that the epigenetic distance may be a novel index of cell differentiation.
Even though CpG islands are generally unmethylated, most investigations on the role of DNA methylation have focused on the CpG island. Genome-wide scanning of DNA methylation shows consistent cell typeor tissue-specific methylation patterns in CpG islands. However, the present data do not mean that all CpG sites in the CpG islands are methylated. In the CpG island of the sphingosine kinase 1 gene, the length of the T-DMR is about 200 bp, which is approximately 10% of the whole CpG island (Imamura et al . 2001) , implying that most of the sites in the CpG island are not methylated. The 5 ′ region of the human pro-opiomelanocortin gene is also tissue-specifically methylated at the middle of its CpG island (Newell-Price et al . 2001) . From these aspects, the finding that there are T-DMRs in CpG islands is consistent with the general understanding that CpG islands are largely unmethylated.
The T-DMRs detected varied, depending on the cell or tissue types. Methylation was the highest in TS cells, regardless of the state of differentiation (Fig. 6a) . The placenta, which predominantly consists of trophoblast cells, showed that 47.4% of the spots were unmethylated, which was comparable to other tissues such as the kidney (48.2%) and the brain (53.0%), implying that CpG islands in the placenta or trophoblast lineage are not hypomethylated. In the sperm, 66.4% of spots were unmethylated, indicating that the germ cells are hypomethylated. These data are different from the previous reports which indicated that the placental genome was hypomethylated and the sperm genome was hypermethylated (Manes & Menzel 1981; Razin et al . 1984; Rossant et al . 1986 ). However, we focused on the CpG islands, whereas the other previous studies evaluated methylation in repetitive sequences as well as a few specific gene areas (Razin et al . 1984; Rossant et al . 1986 ). It is plausible that the methylation levels between repetitive DNAs and CpG islands are different. To date, several Dnmts in mammals (Dnmt1, 2, 3a, 3b and 3L) have been isolated. Analysis of Dnmt deficient ES cells would give new insight into the epigenetic regulation of mammalian development including differential methylation between repetitive DNAs and CpG islands.
It is not surprising that the production rate of cloned animals by somatic cell nuclear transfer is quite low (Wakayama et al . 1998) , or that there are abnormal symptoms in them at and after birth (Lanza et al . 2000; Tanaka et al . 2001; Wakayama & Yanagimachi 1999) . In the mammalian reproduction, the so-called 'reprogramming' process must involve the re-establishment of a specific DNA methylation pattern. As we previously reported, even in cloned animals that appeared normal, a few T-DMRs were aberrantly methylated . Since there should be many T-DMRs in the genome, as estimated above, it is thought to be hard to re-establish the complete methylation pattern after nuclear transfer. According to the present study, the specificity of cell type seems to be defined, at least in part by epigenetic coding, and DNA methylation should normally be altered at many specific loci during development. An investigation of the methylation profile of cloned animals will give new insight into the evaluation of their normality.
The development of pluripotent cells for replacement therapy is widely anticipated. The DNA methylation patterns are clearly different before and after differentiation, and the patterns are also different even between similar cell types, such as ES and EG cells. Currently, many trials are taking place to isolate or create such pluripotent cells (Weissman 2000) , but there have been no methods for distinguishing pluripotent cells from others. The present study revealed that ES cells could be distinguished from other cells with respect to the methylation pattern at genomic loci, and showed the possibility that an evaluation of the methylation as epigenetic code provided a new method for characterizing or identifying the pluripotency of cell lines.
Aberrant DNA methylation is associated with various diseases, including cancer ( Jones & Laird 1999; Sugimura & Ushijima 2000) . According to Antequera et al . (1990) , CpG islands of widely used cell lines such as NIH3T3 are abnormally methylated, suggesting that mutation-like gene inactivation due to changes in the CpG islands could cause a loss of the cell's specific functions and immortality. It is known that some ES lines have aberrantly methylated CpG islands and the foetuses derived from such cells show developmental abnormalities (Dean et al . 1998) . Thus, it would be very important to carefully examine the DNA methylation status of ES cells or ES cell-derived cells before we use them for therapeutic purposes.
Here, we have demonstrated by scanning almost 1500 loci, focusing on CpG islands, that there are cell type-or tissue-specific patterns of DNA methylation. Genomic loci where methylation status is altered seems to be more common than has hitherto been realized. We propose that the formation of DNA methylation patterns at CpG islands is one of the epigenetic events which underlies production of the various cell types in the body. Thus, information on DNA methylation profiles may help to characterize or identify cells, and could be useful for diagnoses of disease.
Experimental procedures
Cell culture and tissue preparation ES and EG cells were cultured as previously described (Matise et al . 2000; Matsui et al . 1992) . Spontaneous differentiation of ES and EG cells was induced by culturing in DMEM + 15% FCS without LIF or feeder cells for 4-6 days in a monolayer culture. These stem cells were derived from the same strain background (C57BL/6) (Kawase et al . 1994; Labosky et al . 1994 ). The TS cell line was derived from C57BL/6 blastocysts and maintained in an undifferentiating state in the presence of FGF4 and feeder cells. They were allowed to differentiate for 4 days by the removal of FGF4 and the feeder cells as previously described (Tanaka et al . 1998 ). Differentiation of the cells was monitored by RT-PCR for Gata4 , 4311 and Eomesodermin (Dragatsis et al . 1998; Tanaka et al . 1998 ). The following oligonucleotide pairs were used as primers: Gata4 (5 ′ -ccatccagtgctgtctgctct-3 ′ , 5 ′ -actttgctggcccccacgtc-3 ′ ); 4311 (5 ′ -catgactcctacaatcttcc-3′, 5′-tttttgcttgcccttgcccc-3′); Eomesodermin (5′-cacgtctacctgtgcaaccg-3′, 5′-cctgtcattttctgaagccgt-3′); β-actin (5′-gtgggccgctctaggcaccaa-3′, 5′-ctctttgatgtcacgcacgatttc-3′). All these stem cells (ES, EG and TS) were confirmed to have the XY karyotype. Tissues (brain, placenta, kidney) were dissected from three to five C57BL/6 male mice and sperm were obtained from the cauda epididymides of the same strain 66 mice.
RLGS
Genomic DNA was extracted as previously described (Imamura et al. 2001; Ohgane et al. 1998) . In the present study, tissues were dissected from several C57BL/6 mice and ES, EG and TS cells, of which the passage numbers were 10, 15 and 6, respectively, were used in one preparation for DNA extraction. Briefly, each tissue sample was treated with proteinase K (Merck, Darmstadt, Germany). Following two rounds of phenol/chloroform/isoamyl alcohol (50 : 49 : 1) extraction, the genomic DNA was precipitated in ethanol and re-dissolved in TE (10 mm Tris-HCl, 1 mm EDTA, pH 8.0). Aliquots of DNA were pooled, and two to four independently pooled samples were subjected to RLGS analyses as previously described (Imamura et al. 2001; Ohgane et al. 1998 ) using the restriction enzymes NotI, PvuII and PstI. Briefly, 3.5 µg of genomic DNA was treated with 10 units of Klenow fragment (TaKaRa, Kyoto, Japan) Labelled DNA (1 µg) was then digested with 20 units of PvuII (Nippongene) and subjected to first dimension electrophoresis in a 0.9% agarose disc gel for 23 h at 230 V. DNA fragments in the gel were treated with 1000 units of PstI in the disk gel (Nippongene). The second dimension electrophoresis was carried out in a 5% polyacrylamide gel for 20 h at 150 V. The gel was dried and exposed to X-ray film (Kodak XAR5, Eastman Kodak, NY) at −80 °C. The spot profiles were scanned by a 2D/E analysing system (Image Master, Ver. 1.0, Amersham Pharmacia) as previously described (Ohgane et al. 1998) . For each tissue and cell preparation, 3-10 RLGS were performed to evaluate RLGS profiles of each of the cell/tissue types. The DNA sequence of 17 RLGS spots (254-824 bp) revealed that 15 spots showed a higher GC contents (50-72%) and CpG frequencies (0.58 -0.94). This confirms that most of the NotI sites are located in CpG islands, and the loci detected by RLGS showed characteristics of CpG islands.
